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Abstract 
Real gas effect is one of the key technical challenges for reusable orbital vehicle development. Conducting flight demonstration 
is an effective way to understand the real gas flow characteristics. In this paper, investigation on the aerodynamic configurations 
of flight demonstrators, which are designed according to the requirements of flight tests for real gas effect studies, are conducted. 
The real gas effect is simulated by the numerical method with the equilibrium gas model. By analyzing the influence of real gas 
effect on the aerodynamic characteristics of different types of aerodynamic shapes, the aerodynamic design principles for real gas 
effect demonstrator are summarized. The aerodynamic configuration that satisfies the requirements of real gas effect flight tests 
is proposed. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Reusable orbital vehicles represent one of the major directions of future aerospace transportation system 
development. The 3 flight tests of the U.S. X-37B reusable orbital vehicle since 2010 caused great interests on this 
type of vehicles around the world. This type of vehicles usually have very complex aerodynamic shapes and very 
large range of the variation of flight conditions. The aerodynamic challenges focus on the high Mach number, high 
altitude and median Reynolds number regime, where the high temperature real gas effect plays an important role. 
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Early attention on the high temperature real gas effect caused by the space shuttle, in which case large discrepancy 
of trimmed body flap deflection was found between the flight result and the predicted data in hypersonic 
velocities[1]. Computational study indicated that the differences between flight and pre-flight predictions of 
hypersonic pitching moment were attributable primarily to Mach number and real gas effects[2]. 
The capability of ground facilities is not able to simulate the real gas effect caused by high Mach number during 
the entry flight. The prediction of real gas effect relies on numerical simulation. However, the validity and precision 
of the numerical simulation technique has still not been fully testified and verified due to the lack of enough flight 
test data. Therefore, conducting flight demonstration tests is the effective approach to fully understand the real gas 
flow characteristics. In fact, fight demonstration for critical technology using simplified aerodynamic configurations 
may reduce the risks of reusable orbital vehicle development. And it was a widely adopted technical approach. 
Typical examples include the U.S. ASSET[3] and PRIME[3] program, the USSR BOR-4[4] orbital flight test, and 
the Japanese HYFLEX[5] flight experiment. These flight tests provided necessary technological foundations for the 
development of the Space Shuttle, the "Buran" program, and the "HOPE" program. 
In the present work, studies on the aerodynamic configuration design of a flight demonstrator are conducted 
according to the requirements of real gas effect flight test. The real gas effects on the aerodynamic characteristics of 
the flight demonstrator are estimated using the proposed numerical simulation method. The aerodynamic 
configuration that satisfies the requirements of real gas effect flight tests is proposed. 
2. Aerodynamic configuration design of flight demonstrator 
In order to study the real gas effect on the aerodynamic characteristics of reusable orbital vehicles under 
relatively low costs and technical risks, the aerodynamic configuration of the flight demonstrator should be designed 
according to the following requirements: 
1) To simplify the system and reduce the costs, the aerodynamic shape of the demonstration vehicle should be as 
simple as possible. But the basic configuration characteristics of the reusable orbital vehicles, for instance, the blunt 
nose, need to be maintained. 
2) Trimmed angle of attack set around 30°, simulating the high angle of attack entry flight of the reusable orbital 
vehicles. 
3) Static stable in the pitching, yawing, and rolling directions. 
4) In order to investigate the real gas effect, aerodynamic characteristics of the demonstrator need to be sensitive 
to real gas effect, taking the trimmed angle of attack as a measured parameter. 
5) Typical flight conditions: H=50km, Ma=15. 
Fig.1 shows the 5 typical configurations analyzed during the aerodynamic design process. J01 and J02 are axial-
symmetrical configurations. J03~J05 are planar symmetrical configurations. The aerodynamic shape characteristics 
of the J01~J05 configurations are summarized in Table 1. Center of gravity coefficient of the configurations, which 
are determined according to the requirement of trimmed at 30° angle of attack, are given in Table 2.  
The design of the J01~J04 configurations consider only the longitudinal characteristics. By analyzing and 
comparing the influences of real gas effects on longitudinal aerodynamic characteristics and the mechanisms of how 
the influences work, the basic design principles for longitudinal characteristics of real gas effect demonstrator are 
summarized, based on which, J05 is designed with additional consideration of lateral-direction characteristics. Detail 
analysis is given in section 4. 
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Fig. 1. Aerodynamic configuration of the flight demonstrators 
Table 1. Configuration characteristics of the flight demonstrators 
 Nose Mid-body Aft-body 
J01 sphere cylinder cone 
J02 sphere cone cone 
J03 sphere transition between nose and aft-body windward: wedge; leeward: cone 
J04 deflected shoe-shape transition between nose and aft-body compression corner in windward 
J05 deflected shoe-shape transition between nose and aft-body similar to J04; with V-tails 
Table 2. Center of gravity coefficient of the flight demonstrators 
 Center of gravity coefficient, Xcg 
J01 0.65 
J02 0.56 
J03 0.55 
J04 0.56 
J05 0.57 
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3. Numerical method for real gas effect 
3.1. Governing equations 
The governing equations for a 3D compressible viscous flow, known as the Navier-Stokes equations, written in 
conservative for under Cartesian coordinates, are as flows. 
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 (1) 
The specific form of the conservation variable  , convective flux  , and viscous flux   in the above equation can be 
found in reference [6]. 
3.2. Equilibrium gas model 
As a hypersonic vehicle flies at a very high velocity in high altitude, the temperature of the air in the shock layer, 
i.e., the flowfield between the body and the shock wave, may become extremely high, causing chemical reactions 
such as dissociation and ionization within the gas[7]. In the case, the ideal gas model is no longer valid because the 
thermodynamic characteristics of the gas have been changed by the chemical reactions. This phenomena is called 
the high-temperature real gas effect. 
In this work, the thermodynamic properties of the real gas is simulated by the equilibrium gas model. Equilibrium 
gas means under certain pressure and temperature, the thermodynamic properties of the gas does not vary with time. 
With two specified independent thermodynamic variables, the thermodynamic properties of the equilibrium gas is 
given in the form of database or fitted curve. 
The proposed equilibrium gas model uses the 9 species equilibrium air thermodynamic properties fitted curves 
given in reference [8]: 
                                 epp ,U ,  eaa ,U ,  pTT ,U ,  phh ,U  (2) 
These curve-fitting equations are applicable in a wide range of temperature and density regime: T=0~25000K˗ . 
It is the most widely used curve-fitting method so far due to its high precision. The value of the thermodynamic 
properties variables and their derivatives needed for CFD simulation can be obtained using the above equations. 
The transport properties of the equilibrium air uses the equations given in reference [9]: 
                                                  T,UPP  ˈ  ekk ,U  (3) 
4. Results and discussions 
4.1. Real gas effects on the aerodynamic characteristics of the flight demonstrator 
Fig. 2 shows the comparison of the axial force coefficient, normal force coefficient and pitching moment 
coefficient calculated using the equilibrium gas model and the ideal gas model for the 4 flight demonstrators 
(J01~J04) under typical flight condition (H=50km, Ma=15). The solid lines represent the calculation results of the 
equilibrium gas model; the dash lines represent the results of the ideal gas model. 
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Fig. 2. Impact of real gas effect on aerodynamic characteristics of flight demonstrators 
The impact of real gas effect on the axial force coefficient and normal force coefficient is generally the same: the 
calculation results of the equilibrium gas model are greater than the results of the ideal gas model, which means real 
gas effect increases the axial force coefficient and normal force coefficient. The impact of real gas effect on the 
pitching moment coefficient is different for different vehicle configurations: for the J01~J03 configurations, the 
pitching moment coefficient curves calculated with different gas models crosses with each other, which means the 
impact of real gas effect on the pitching moment coefficient exhibits different qualitative and quantitative 
characteristics with the variation of angle of attack; while for the J04 configuration, the two pitching moment 
coefficient curves are basically parallel, which means that the impact of real gas effect remains the same 
characteristic qualitatively and quantitatively under 20°~40° angle of attack regime. 
The influence of real gas effect on the trimmed angle of attack for the J01~J04 configurations is shown in Table 3. 
The real gas effect decreased the trimmed angle of attack for all configurations. The influence amount for J04 
configuration, i.e., 4.0°, is the greatest. 
Table 3. Impact of real gas effect on trimmed angle of attack 
 
Trimmed angle of attack, αT° Variation of trimmed angle of attack, ΔαT° 
Ideal Equilibrium  
J01 33.6 30.6 3.0 
J02 25.5 24.8 0.7 
J03 35.2 33.0 2.2 
J04 33.0 29.0 4.0 
The above analysis indicates that J04 configuration suits the design requirements of real gas effect flight 
demonstrator better than the other configurations. For J04 configuration, the trimmed angle of attack is the most 
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sensitive to real gas effect; and the impact of real gas effect on the pitching moment coefficient remains consistent 
for a wide range of angle of attack. 
4.2. Mechanism of real gas effects on aerodynamic characteristics 
The comparison of pressure contour predicted by different gas models for J01~J04 configurations is shown in Fig. 
3 (computation condition: H=50km, Ma=15, α=30°). It can be seen that the shock layers predicted by the 
equilibrium gas model are much thinner than those predicted by the ideal gas model. The aft-shock compression is 
much stronger for the equilibrium gas. This effect on blunt bodies usually results in the increase of axial force, as is 
shown for J01~J04 configurations. 
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Fig. 3 Comparison of pressure contour predicted by different gas models 
The effects of real gas phenomena on aerodynamic force and moment characteristics of vehicles are caused by 
the pressure distribution differences on the surface of vehicles. In order to further reveal the influence of real gas 
effects on the surface pressure distribution of the demonstrators, surface pressure variation along axial direction on 
the symmetry plane for all 4 configurations are shown in Fig.4. The figure shows the computation results of 3 angles 
of attack: 20°, 30°, and 40°. Solid lines represent the computation results of equilibrium gas; dash lines represents 
the results of ideal gas; upper part of the curves are windward pressure; lower part of the curves are leeward pressure. 
It can be seen from Fig.4, the windward pressure is much higher than the leeward pressure. The pitching moment 
characteristic of the vehicle is basically determined by the windward pressure distribution characteristic. Generally 
speaking, real gas effects intensifies the pressure variation on the surface. In other words, the pressure of equilibrium 
gas is higher than that of ideal gas in compression zones; while in expansion zones, the pressure of equilibrium gas 
is lower than that of ideal gas. This law applies on different configurations under different angles of attack results in 
different effects on the pitching moment characteristics. Among four configurations, only J04 shows consistent real 
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gas effects, in terms of qualitativeness and quantitativeness, on pitching moment under different angles of attack, as 
shown in Fig.2. It can be found by carefully examining the windward pressure distribution curves of J04 
configuration that real gas effects increase the pressure on the nose, decrease the pressure on the for-body, and 
increase the pressure on the aft-body, especially on the compression wedge at the rear part of the configuration. The 
pressure decrease on the for-body decreases the pitching up moment produced by the for-body; the pressure increase 
on the aft-body increases the pitching down moment produced by the aft-body. The effects of both decrease the 
pitching moment coefficient. The effects of the pressure on the nose on the pitching moment is relatively small; 
since the nose mainly produces axial force, and the normal force produced by the nose is relatively small. In 
summary, the impact of real gas effects on the pressure distribution of J04 configuration results in the decrease of 
pitching moment coefficient, as if adding an additional pitching down moment. And this mechanism applies for J04 
configuration under all three angles of attack shown in Fig.4(d). However, for the other configurations, real gas 
phenomena does not have an uniform effect on the pressure of the for-body or the aft-body; moreover, the effects 
are different for different angle of attack. Therefore the influence of real gas effects on the pitching moment 
characteristics for J01~J03 configurations does not have a consistent regular pattern over the angle of attack range 
considered, as has been shown in Fig.2. 
From the viewpoint of aerodynamic shape design, the transition between the nose and the body of J04 
configuration in the windward side is more gently comparing to the other configurations. The expansion zone after 
the bow shock compression area extends to cover the whole for-body area. Therefore the real gas effects decrease 
the pressure on the whole for-body area. The compression wedge design at the rear part enhances the real gas effects 
on increasing the pressure on the aft-body. 
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Fig. 4. Impact of real gas effect on pressure distribution 
From the above analysis, the aerodynamic design principles for real gas effect demonstrator can be summarized 
as follows: 
1) Lifting-body design; 
2) Gently transition between nose and body; 
3) Rear compression wedge design. 
Aerodynamic shapes with the above design features are sensitive to real gas effects in terms of pitching moment 
characteristics, hence are suitable for real gas effects flight experiments. 
4.3. Lateral-direction stability analysis 
J04 configuration satisfies the design requirements for real gas effect fight demonstrator in terms of longitudinal 
aerodynamic performance. But the lateral-directional stability of J04 configuration is not acceptable. The directional 
center of pressure coefficient of J04 under typical flight conditions, predicted by the ideal gas model, is shown in 
Table 4. It can be seen that the directional center of pressure is well ahead of the center of gravity (Xcg=0.56), which 
means J04 configuration is directionally unstable under the given flight conditions. 
Table 4. Directional center of pressure coefficient of J04 
H [km] Ma β° α° Xcpy 
50 15 5 20 0.4520 
50 15 5 30 0.4894 
50 15 5 40 0.5158 
In order to improve directional stability, J05 configuration is developed. J05 inherits the basic design features of 
J04; in addition, a pair of V-shape vertical fins is added on the sides of the aft-body, as shown in Fig. 5. This design 
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feature is proved to be very effective for improving directional stability. J05 configuration exhibits good stability in 
lateral and directional directions, as shown in Fig. 6. 
 
 
Fig. 5. Three-view sketch of J05 configuration 
 
Fig. 6. Lateral-directional stability of J05 configuration 
As J05 configuration inherits the basic design features of J04 configuration, the real gas effects on the pitching 
moment characteristics of J05 are similar to case of J04. The pitching moment coefficient is decrease for 20°~40° 
angle of attack regime, decreasing the trimmed angle of attack by 5.1°, as shown in Fig. 7. 
 
 
Fig. 7. Real gas effects on pitching moment coefficient of J05 
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In summary, J05 configuration satisfies the basic design requirements for real gas effect demonstrator. It can be 
used for flight experimental studies on real gas effects. 
5. Conclusions 
Flight demonstrator configurations are designed according to the requirements of flight tests for real gas effects 
studies. Numerical investigation on the aerodynamic characteristics of the proposed configurations is conducted. 
The real gas effect is simulated by the numerical method with the equilibrium gas model. By analyzing the influence 
of real gas effects on the aerodynamic characteristics of different types of aerodynamic shapes, the aerodynamic 
design principles for real gas effect demonstrator are summarized. The aerodynamic configuration that satisfies the 
requirements of real gas effect flight tests is proposed. 
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